Multiple-Gate Transistors Formed on Bulk Substrates 
[,0011 This application claims the benefit of U.S. Provisional Application No. 60/495,071, 
f„ed on August 13, 2003, entitled -Multiple-Gate Transistors Formed on Bulk Substrates," 
which application is hereby incorporated herein by reference. 

TECHNICAL FIELD 

,0002] The present invention relates ,o semiconductor devices and more particularly to the 
multiple-gate transistors formed on bulk semiconductor substrates. 

BACKGROUND 

,00031 The dominant semiconductor technology used for me manufacture of ultra-large 
scale integrated (ULSI) circuits is the meta.-oxide-semiconduc.or field effect transistor 
(MOSFET) technology. Reduction in the size of MOSFETs has provided continued 
improvement in speed performance, circuit density, and oos, per unit lunation over the past few 
decades. As the gate lengm of the conventional bulk MOSFET is reduced, however, the source 
and drain inereasingly internet with the channel and gain influence on the channel potential. 
Conseouendy, a transistor with a short gate length suffers from problems re,a,ed to the inability 
of the gate to substantially control the on and offsta.es of the ehannel. 
[00041 Phenomena such as reduced ga.e control associated with transistors with short 
channel lengths are termed short-channel effects. Increased body doping concentration, reduced 
gate oxide thickness, and ulna-shallow source/drain junctions are ways .o suppress short-channel 
effects. However, for device scaling well into me sub-50 nm regime, the reauiremenfs for body- 
oopmg eoncen.ra.ion, gate oxide thickness, and source/drain (S/D) doping profiles become 
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increasing* difficult to meet when conventional device structures based on bnUc silicon (Si) 
substrates are employed. 

,0005) For device scaling well into the sub-30-nm regime, a promising approach to 
controlling short-channe. effects is to use an alternative transistor suucture with more man one 
gate, U. a multiple-gate transistor. Prior art multiple-gate — rs are formed on siheon-on- 
insula ,„r snbstrates. A prior art mnhiple-gate transistor 10 is shown in plan view in Fignre 1. 

(see Cement 22 in Fignre 2). A gate dielectric (see element 20 in Fignre 2) covers a portion of 
20 isolates the gate electrode 1 6 from the silicon fin 12. 

[000*1 Examples of the maniple-gate nansistor include fire donble-gate translator, triple- 
ga ,e transistor, omega field-effect transistor (FET), and the surround-gate or wrap-aronnd gate 
Ulster. A multiple-gate transistor structure is expected to extend the scalability of CMOS 
technology beyond the .imitations of fire conventional bufic MOSFET and realize fire ultimate 
W „f silicon MOSFETs. The introduction of additional gates improves the capacitance 

ga ,e, he,ps suppress short channel effects, and prolongs fire scalability of the MOS transistor. 
,0007) The simplest example of a multiple-gate transistor is fire double-gate tractor as 
described in U.S. Paten, No. 6.4.3.S02 issued to Hu e, al. As illustrated in fite cross-sectional 
view of Figure 2a, fire double-gate transistor has a gate electrode 16ft* straddles across fite 
channel otfite fin-like silieonbody 12, thus forming a double-gate structure. Therearetwo 
g ates, one on each sidewal, 18 of fite silicon fin ,2. The plan view of tire double-gate structure is 
shown in Figure 1. 
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,0.081 In U.S. Patent No. 6,413,802, the transistor ehannel comprises a thin silicon fin 12 
defined nsing an etchant mask 24 and formed on an insnlator layer 14, e.g. silicon oxide. Gate 
oxidation is performed, followed by gate deposition and gate patterning to form a doub.e-gate 

structiue overlying the sides of the fin. Both the sonrce-«o-drain direction and the gate-to-gate 

direction are in the plane of the substrate surface. 

(00091 Another example of the multiple-gate transistor is the triple-gate transrstor. A cross- 
sectional view of a tiip.e-gate transit structure is provided in Figure 2b. The plan view of the 
Ungate structure is shown in Figure , . The triple-gate transistor stttrctiare has a gate electro* 
,6 that forms three gates: one gate on me top surface 26 of the silicon body/fin 12, and two 
ga.es on the sidewalls 1 8 of the silicon body/fin 12. The triple-gate transistor achieves better 
gate control than the double-gate transistor because of it has one more gate on the nop of tire 
silicon fin. 

100101 The triple-gate transistor structure may be modified for improved gate control, as 
mostrated in Figure 2c. Such a sttucture is also Know* as tire Omega (£2) fteld-effec. transistor 
(FET), or simply omega-FET, since the gate dectrode 16 has an omega-shape in its cross- 
aecttooal view. The encroachment of tire gate electrode .6 under the semiconductor tin or body 
,2 forms an omega-shaped gate structure. .. close.y resemb.es the Gate-AU-Around (GAA) 
nanaistor for excellent lability, and uses a very manufacture process similar to that of the 
double-gate or triple-gate transistor. 

[001.1 The omega-FET has a top gate (adjacent surface 26), two sidewaU gates (adjacent 
sur& ces 18), and special gate extensions or encashments 28 under the fin-like semiconductor 
body 12. The omega-FET is therefore a fie.d effect transistor with a gate mat almost wtaps 
around the body. In fact, tire longer the gate extension, i.e., the greater me extent of the 
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encroachment E, the more the structure approaches or resembles me gate-aU-aronnd stnacture. 
Tta encroachment of the gate efecfrode 16 nnder me silicon body he.ps to shield the channel 
from electric field fines from the drain and improves gafe-fo-channe. controllabifitv, thus 
af.eviafing fire drain-induced barrier fowering effect and improving short-channel performance. 
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SUMMARY OF THE INVENTION 

(00121 The preferred embodiment of the present invention provides a multiple-gate 
^istor that is formed on a bulk snbstrate. Bulk silicon substrates are cheaper than silicon-on- 
insularor substta.es. Therefore, the avaUability of a technology that forms multiple-gate 
tta „sis«ors on bulk substrates will enable fidure device scaling a, a significantly reduced cos,. 
,00131 In accordance with a preferred embodiment of me preferred embodiment, a structure 
and method for the fabrication of multiple-gate transistors on bulk substrates includes depletion- 
m ode bulk multiple-gate transistors and accumulation mode bulk multiple-gate transistors, bulk 
a 0 ub,e- g a,e transistor, bu.k ttiple-gate transistor, and bulk omega-gate ttansistor and multiple- 
gate transistors formed on bu.k substta.es may be integrated with convention, brdk transistors. 
,0014) Prior art multiple-gate transistors such as me double-gate ttansistor, me ttiple-gate 
fransistor, and me omega-FET are formed on si.icon-on-insula.or substta.es. This patent teaches 
a sttucnn-e and method for forming multip.e-gate transistors on bulk substtate. Many of.be 
m ul.iple-ga.e transistors .aught here achieve low cost of mannfacmre and enable scalability of 
bulk transistors to significantly reduced feature sizes. 

,00151 In one aspe* the present invention teaches a multiple-gate ttansistor ma. inc.udes a 
semiconductor fin formed in a portion of a bulk semiconductor substtate. A gate dielectric 
ovetlies a portion of the semiconductor fin and a gate electrode over.ies the gate die.ecttic. A 
source region and a drain region are formed in the semiconductor fin oppositely adjacent ,o the 
gate e.ecttode. In me preferred embodiment, the bottom surface of me gate electrode is lower 
ton either the source-substtate junction or the drain-substrate junction. 
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[00161 In one method of forming a multiple-gate transistor aeeording to a preferred 
embodiment, a bulk semiconductor substrate is provided. A semiconductor fin is formed on the 
bulk semiconductor substtate and isolation regions are provided on sides of fire semiconductor 
fin. A gate dielectric and a gate electrode are formed on a potion of fire semiconductor fin. A 
source region and a drain region are formed in the semiconductor fin. Once again, in the 
preferred embodiment the source-substrate junction or drain-substrate junction is higher than the 
bottom surface of the gate electrode. 

[00171 In another embodiment of the present invention, portions of a silicon substrate are 
etched to form at least one semiconductor fin. A gate dielectric layer is formed over the 
semiconductor fin and a gate electrode layer is formed over the gate dielectric layer. Portions of 
the gate electrode layer are etched to form a gate electrode so that the gate electrode overlies 
sidewalls and a top surface of the semiconductor fin. A region of material, e.g., dielectric, is 
formed adj acent portions of the semiconductor fin not underlying the gate electrode such that a 
sidewall of the semiconductor fin extends above an upper surface of the region of material. The 
sidewall of the semiconductor fin above the region of material can then be doped. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

pill For a more complete understanding of the present invention, and tire advantages 
.hereof, reference is now made to the following descriptions taken in conjunction with the 
accompanying drawing, in which: 

[0019) Figure 1 is a plan view illustrating Are multiple-gate transistor of the present 
invention; 

,00201 Figure 2a is a cross-sectional view of the double-gate transistor of the present 
invention; 

[00211 Figure 2b is a cross-sectional view of the triple-gate transistor of me present 
invention; 

[0022] Figure 2c is a modified structure of the triple-gate transistor sho«n in Figure 2b; 
[00231 Figure 3 is a three-dimensional view of ample-gate transistor embodiment of the 
present invention; 

[0,24) Figures 4a - 4c provide cross-secional views of the triple-gate transistor of Figure 3; 
[00251 Figures 5a - 5e and 6a - 6e illustrate the fabrication of a triple-gate transistor of the 
present invention; 

[00261 Figure 7 is a perspective view of another embodiment triple-gate transistor of the 
present invention; 

[0,27, Figure 8 is a perspective view of a double-gate transistor of me present invention; 
and 

[0028, Figure 9 is a perspective view of tm omega-gate transistor of the present invention. 
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DETAILED DESCRIPTION OF illustrative embodiments 

[00291 The making and using of the presently preferred embodiments are discussed in detail 
below. It should be appreciated, however, that the present invention provides many applicable 
inventive concepts that can be embodied in a wide variety of specific contexts. The specific 
embodiments discussed are merely illustrative of specific ways to make and use the invention, 
and do not limit the scope of the invention. 

[0030] The preferred embodiment relates to the field of semiconductor devices and more 
particularly to semiconductor devices with multiple gates. Aspects of this invention provide a 
structure and method for forming multiple-gate transistors on bnlk silicon substrates. 
[00311 Figure 3 shows a three-dimensional perspective of a triple-gate ttansistor 130 formed 
on a bulk substrate 132 according to a first embodiment of this invention. The substrate 132 
material can be any semiconductor materia,. For example, the substrate .32 can be an elemental 
semiconductor such as silicon or germantum, an alloy semiconductor such as silicon-germanium, 
or a compound semiconductor such as gallium arsenide. In the preferred embodiment, the 
substrate 132 comprises monocrystalline silicon. 

(0032) Thebulktiiple-gaterransistor 130 includes a semiconductor fin 134fotmedonthe 
bulk substrate 132. Isolation regions 136 are formed between semiconductor fins (one fin 134 as 
shown), or between a semiconductor fin 134 and another active region (not shown). The 
isolation region 136 may comprise silicon oxide, silicon oxynitride, silicon nitride, or 
combinations thereof Mesa isolation can also be used. 

[00331 The semiconductor fin 134 includes a doped source region 138 and a doped drain 
region 140. The source and drainregions 138 and 140 sandwich a channel region 142. Agate 
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dielectric 144 overlies tire channel portion .42 of the semiconductor to .34, as shown in Figure 
3. In fact, the gate dielectric 144 insulates the semiconductor fin 134 from fine gate e.ectrode 
146. 

,0034] The gate electrode 146 straddles across fin-like active region 134. The sidewall 
surfaces .48 of the semiconductor fin 134 arc used for current conduction. In toe preferred 
embodiment, a significant amount of source-to-drain current in the transistor is carried along the 
sidewal, surfaces 148. The semiconductor fin ,34 has a predetermined fin width w,and a drain 
tha, has a depth „, from the top surface of the semiconductor fin. Essentially, fine effective 
device width of the transistor is a function of W and w, A larger w. or w, would result ina 
larger amount of drive current. 

[00351 Cross-sectional views of the triple-gate transistor of Figure 3 in tire planes of 4a-4a% 
4Mb', and 4C-4C- are illustrated in Figures 4a, 4b, and 4c, respectively. Figure 4a shows a 
cr „ss-sec,ional view in the plane that cuts through tire gate e.ectrode 146, .he gate dielectric 144, 

and me channel region 142 of semiconductor fin ,34. The gate electrode ,46 has abotiom 

surface 150 that touches the isolation region 1 36. 

100361 A cross-sectional view in the plane of 4b-4b', which is parallel to plane 4a-4a', is 
showninFigure4b. The view cuts through tire drainregion 140 of tire transistor 130. One 
feature of the design is ma. tire bottom surface .50 of tire gate electrode ,46 is below tire level of 
the drain-substrate junction 1 52 or the level of the source-substrate junction 1 54. 
[0037) Referring now to Figures 4a and 4b, the drain-substrato junction 1 52 depicted in 
Figure 4b is a. a level tha, is higher titan the level of tire bottom surface 1 50 of the gate electrode 
,46 depicted in Figure 4a. The difference i in the heights of tine drain-substiato junction 152 and 
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te bottom surface ,50 of the gate decode H6maybe m fterangeofabou,50angs tt oms.o 
about 500 angstroms, aud preferably about 200 angstroms. 

[00381 Figure 4e shows a cross-seetional view in the plane that euts through the gate 
decode 146, me gate dielectric 144, the ehanne. region 142, the source region 138, and the 
tain region ,40. Figure 4c also shows a potential leakage current path 156 between the source 
and the drain regions 138 and 140. The gate electrode 146 above or below the plane of .he page 
(i.e., plane 4c-4C) is draw, in dashed lines in Figure 4c, showing drat the gate electrode 146 is in 
the vicinity of the potential leaJcage current path. Wore, by having Ore gate electrode 146 
extend below the source-substrate junction 1 54 or the dmin-substrate junction 1 52, and 
positioning me gate electrode 146 in me vicituty of me potential leakage path 156, mis 
embodiment ensures tha, the gate electrode .46 exerts considerable influence on the potential 
leakage path 1 56 to suppress the leakage. 

[00391 In various aspects of this invention, the source and drain regions 138 and 140 may be 
doped .-type, and me body region .42 may be doped p-rype to form an n-channel depletion- 
.node transistor, or the source and drain regions 1 38 and 140 may be doped p* atrd the body 
region 142 doped n-type to form a p-channel depletion-mode transistor. Alternatively, 
accumdation mode transistors may be formed by having me body regions 142 doped tire same 
type as the source attd drain regions 138 and 140. For example, me source 138, drain 140, and 
body 142 may all be doped n-type to form an n-channel accumdation mode transistor. 
[00401 Amethod of forming the multiple-gate transistor of Figure 3 will now be described 
with reference to F ig ares 5a-5e (collectively Figure 5) and Figures 6a-6e (collectively Figure 6). 
Figures 5 and 6 show the device cross-section in two parallel planes at the various stages of 
device fabrication. Inparticdar, Figure 5 shows the device 130 in tire p.ane 4a-4a' of Figure 3 
TSM03-0511 - 10 " 



and Figure 6 shows the device 130 in the plane 4b-4b' of Figure 3. As before, the planes 4a-4a' 
and 4b-4b' are parallel to each other. A perspective view of a transistor after additional steps are 
performed is shown in Figure 7. 

[0041] The starting material is a semiconductor substrate 132 that may be an elemental 
semiconductor, an alloy semiconductor, or a compound semiconductor. The starting material is 
preferably a silicon substrate, preferably about 300 mm in diameter. At least one semiconductor 
fin 134 is formed by patterning the semiconductor substrate, as shown in Figures 5a and 6a. The 
semiconductor fin patterning process may be accomplished by forming a mask (not shown) over 
the semiconductor 132, followed by the etching of the semiconductor 132 to a predetermined 
depth d, The mask may comprise a commonly used mask material such as photoresist or silicon 
oxide or silicon nitride, combinations thereof. The trench depth d, may be in the range of about 
200 angstroms to about 6000 angstroms, preferably about 3000 angstroms. 
[00421 The trench depth d t may be the same for all semiconductor fins 134 formed in 
substrate 132. Alternatively, trenches of different depths can be formed on the same bulk 
semiconductor substrate 132. This embodiment allows for transistors with different drive 
currents to be formed on the same chip. This embodiment can be realized by selectively 
removing portions of the trench mask (not shown) during the etching process so that some 
trenches are etched for longer. 

[0043] The mask may or may not be removed after the etching step. If it is removed, as in 
the preferred embodiment, a triple-gate transistor will be formed. If it is not removed, a double- 
gate transistor, as illustrated in Figure 8, can be formed. 

[0044] Referring now to Figures 5b and 6b, isolation regions 1 36 with a depth of d t are 
formed in the trench 160. The isolation depth d> may be in the range of about 20 angstroms to 
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about 6000 angstroms, preferably about 200 angstrom, In the preferred embodiment, the ratio 
of d,:d, ranges from about 1.2:1 to about 6:1, preferably about 2:1. The semiconductor fin has 
sidewall surfaces 158 as shown. 

[00451 A gate dielectric layer 144 is then formed on the semiconductor fin 134. Due to 
subsequent processing, the gate dielectric 144 is shown in Figure 5c but not in Figure 6c. The 
gate dielectric may be formed by thermal oxidation, chemical vapor deposition, sputtering, or 
any other methods known and used in the art for forming a gate dielectric Depending on the 
technique of gate dielectric formation, the gate die.ectric 144 thickness on the top of fire fin 134 
may be different from Ore gate dielectric thickness on the fin sidewall. In one embodiment, the 
gate dielectric thickness on the top surface of the fin is less than about 20 angstrom, 
,0046] The gate dielectric may be formed from a material such as silicon dioxide or silicon 
oxynitride with a thickness ranging from about 3 angstroms to about 100 angstroms, preferably 
about 10 angstroms or less. The gate dielectric may also formed from a high permittivity (high- 
k) material such as lanthanum oxide (La 2 0,), aluminum oxide (A1 2 0,), hafhium oxide (Hf0 2 ), 
hafhium oxynitride (HfON), or zirconium oxide (ZrOt), or combinations thereof, with an 
equivalent oxide thickness of about 3 angstroms to about 100 angstroms. 
[00471 Next, the gate electrode 146 material is deposited. The gate electrode material is a 
conductive material and may be amorphous or polycrystaffine silicon (poly-Si), polycrystalline 
silicon-germanium (poly-SiGe), a metallic nitride, a metallic suicide, a metafile oxide, or a 
metal. Examples of metallic nitrides include tungsten nitride, molybdenum nitride, titanium 
nitride, and tantalum nitride, or their combinations. Examples of metallic suicide include 
tungsten suicide, titanium silicide, cobalt silicide, nickel suicide, platinum silicide, erbium 
silicide, or their combination, Examples of metallic oxides include ruthenium oxide, indium tin 
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ox.de, or their combinations. Examples of metal include tungsten, titanium, aluminum, copper, 
molybdenum, nickel, platinum, and others. 

100481 The gate electrode 146 material may be deposited by chemical vapor deposition 
(CVD), by sputter deposition, or by other techniques known and used in the art for depositing 
conductive materials. The thickness of the gate electrode materia, may be in the range of about 
200 angstroms to about 4000 angstroms, preferably about 1500 angstroms. The top surface of 
gate electrode 146 material usually has a non-planar top surface, and may be planarized (e.g., 

chemica.-mechanical polished) prior to patterning of the gate e.ectrode 146 material or gate etch. 

ions may or may not be introduced into the gate electrode 146 material a, mis point Ions may be 

introduced, for example, by ion implantation techniques. 

(00491 The next step is the definition of me gate electrode 146. A mask material (no. 
shown) is formed on me gate electrode materia,, and the gate electrode 146 is formed by an 
etching process, preferably an anisotropic etch (e.g., dry plasma etching process), to give the 
cross-sections in Figure 5c and 6c. ,n this examp,e, gate die.ectric ,44 has also been panemed, 
although this step is not necessary. 

[00501 A dielectric layer 162 is men formed to cover a portion of the sidewall surface 1 58 of 
te semiconductor fin 134, not aheady covered by isolation region ,36. Referring now to 
Figures 5d and M. the layer 162 is formed such that a sidewall 158 semiconductor fin 134 
extends above the upper surface of layer 162. This dielectric .ayer 162 aUows the formation of 
me source and drain regions ,38 and 140 such that the drain-substrate junction 152 or the source- 
substrate junction ,54 is at a higher level man the bottom surface ,50 of the gate electrode ,46. 
,„ the preferred embodiment, the drain-substrate junction 1 52 or the source-substrate junction 
, 54 is defined to be the position where the doping concentration in the source or drain region 
TSM03-0511 " 13 " 



138 is at the 10 18 cm 3 level. In the preferred embodiment, dielectric layer 162 comprises silicon 
oxide. 

[0051] In the preferred embodiment, the material region 162 is formed to a thickness 
between about 50 angstroms and about 500 angstroms, preferably about 200 angstroms. The 
height of the exposed portion of sidewall 158 is typically in the range of about 500 angstroms to 
about 2000 angstroms, preferably about 1000 angstroms. As a result, the ratio of the thickness of 
the material region 162 to the height of the exposed portion of the sidewall 158 is preferably 
between about 1:1 to about 1:20 

[0052] The source and drain regions 138 and 140 are formed next as shown in Figures 5e 
and 6e. The formation of the source and drain regions 138 and 140 may involve several steps. 
In the preferred embodiment, an ion implantation process is first performed to dope the source 
and drain regions 138 and 140 immediately adjacent to the channel region 142. The channel 
region 142 is the portion of the semiconductor fin 134 wrapped around by the gate dielectric 144 
and the gate electrode 146. 

[0053] Spacers (164 in Figure 7) are then formed on the sidewalls of the gate electrode 146. 
The spacers 1 64 may be formed by deposition of a spacer material(s) followed by anisotropic 
etching of the spacer material(s) to form the spacers 164. The spacer is formed from a dielectric 
material, preferably silicon nitride (e.g., Si 3 N 4 ). The spacer material may also be formed from a 
stack of dielectric materials, such as a silicon nitride layer overlying a silicon oxide layer. Figure 
7 shows a three-dimensional perspective of the transistor structure with spacers 164 and the 
dielectric layer 162. 

[0054] A selective epitaxy may additionally be performed to increase the width and/or 
height of the fin 134 in the source and drain regions 138 and 140. The selective epitaxy results 
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in epitaxial growfl, in the source and drain regions ,38 and HO, and perhaps rhe gate eiee.ro* 
reg ion ,46. The epitaxy ean be performed uniform* for a!, fins ,34 on a sing.e substrate ,32 or 
can be performed ,o different levels (inelnding none) for different fins on a single substrate. 
[00551 An optional ion implantation is then performed to dope the source and drain regf ons 
,38 and ,40. The ion implantation process is performed if the selective epitaxy does no, 
incorporate dopants into the grown regions during epitaxia, growth. Conductive ma,eria,s (not 
shown) such as suicides may be formed on the source and drain regions (,38 and 140) to 
increase the conductance in these regions. 

[0056, Figure 8 shows a structure for a double gate transistor. This device is similar to the 
rnpie gate device of Figure 7 bu, a,so includes an etch mask ,66, as was discussed above. Lathe 
preferred embodiment, me etch mask ,66 is formed of silicon oxyniuide and has a thickness 
between about 20 angstroms and about 500 angstroms. 

(00571 A transistor with an omega-shaped gate dectrode, as shown in Figure 9, can also be 

definition of the semiconductor fin in Figures 5a and 6a, a two-step etch may be employed. A 
first etch step may employ a highly anisotropic plasma etch process with a negligible latera, etch 
rate . A second etch step may employ a less anisotropic etch so that some latera, etch takes p.ace, 
resulting in a narrower semiconductor fin a, the base. The two-step etch wUl result in a 
semiconductor fin with a wider fin width at fire top, e.g., source ,38 and drain 140, and a 
narrower fin width a, the bottom 168. The remaining fabrication steps follow those as described 
above. The resulting transistor structure is shown in Figure 9. 

,00581 The following references are related to aspects of the preferred embodiment and are 

hereby incorporated herein by reference: 
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m C Hu « al, University of California, FinFET trarrsistor structures having a double gate 
channel extending vertical!, from a substrate and methods of manufacture, U.S. Paten.No. 
6,413,802. 

P ] K. P. L. Muller et al, International Business Machines Corporation, June 26 2001, 

Planarized Si fin device, U.S. Patent No. 6,252,284. 
[3 ] K. P. L. Muller et al, International Business Machines Corporation, Aug. 13 2002, 

Process for making planarized silicon fin device, U.S. Patent No. 6,432,829. 
[4] B. Yu, Advanced Micro Devices, Inc., May 21 2002, Double-gate transistor formed in a 

thermal process, U.S. Patent No. 6,391,695. 
[5] B. Yu, Advanced Micro Devices, Inc., May 21 2002, Process for forming multiple active 
lines and gate-all-around MOSFET, U.S. Patent No. 6,391,782. 

r 61 B Yue,a/.,AdvancedMicroDevice^ 

from double gate MOSFET and method of fabricating same, U.S. PatentNo. 6,451,656. 

m M leong ^a/. , International Busmess Machmes Corpora^ 10, 2002, Variable 
threshold voltage double gated transistors and method of fabrication, U.S. Patent No. 
6,492,212. 

[8] X. Huang et al, "Sub-50 nm p-channel finFET," IEEE Trans. Electron Devices, vol. 48, 

no. 5, pp. 880-886, May 2001. 
[9] F.-L. Yang et al, "35 nm CMOS FinFETs," Symposium on VLSI Technology, Digest of 

Technical Papers, pp. 109-1 10, June 2002. 
[10] H.-S. P. Wong, "Beyond the conventional transistor," IBM J. Research and Development, 

vol. 46, no. 2/3, pp. 133-168, March/May 2002. 
1 1 n R Chau et al , "Advanced depleted-substrate transistors: single-gate, double-gate, and fri- 
gate", 2002 International Conference on Solid State Devices and Materials, Nagoya, Japan, 
pp. 68-69, Sep. 2002. 

TSM03-0511 - 16_ 



[12] F.-L. Yang et al , "25 nm CMOS Omega-FETs," International Electron Device Meeting, 

Dig. Technical Papers, Dec. 2002. 
[13] ,. P. Colinge et al., »Si.icon-on-insulator ga«e-all-arou»d device," International Electron 

Device Meeting, Dig. Technical Papers, pp. 595-598, Dec. 1990. 
[14] E. Leobandung et al, "Wire-channel and wrap-around-gate metal-oxide-semiconduclor 
field-effect transistors with a significant redaction of short channel effects," J. Vacuum 
Science and Technology B, vol. 15, no. 6, pp. 2791-2794, 1997. 
(0059) While several embodiments of the invention, together with modifications thereof, 
have been described in detail herein and illustrated in the accompanying drawings, it will be 
evident mat various modifications are possible without departing from the scope of the preferred 
embodiment. The examples given are intended to be illustrative rather man exclusive. The 
drawings may not necessarily be to scale and features may be shown in a schematic form. 
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